The separation produced by thermal diffusion in hydrogen-deuterium mixtures has been measured at temperatures between -183 and 425° C, and the thermal diffusion ratio R T found.
Introduction
Measurements of thermal diffusion in hydrogen-deuterium mixtures have been made which, extending over a range of temperature from -183 to 425° C, supplement those described by Heath, Ibbs and Wild in the pre ceding paper. Moreover, in estimating the index of the molecular repulsive field from the results, advantage has been taken of the simplification effected in the theoretical expressions by the fact th a t the mixture is iso topic and consequently the interactions between like and unlike molecules are the same. It has thus been possible to avoid an assumption necessarily made in other cases in finding the force index v from thermal diffusion measurements. This has led to a value of v in good agreement with th a t deduced from viscosity measurements. Hitherto, the value of v from thermal diffusion measurements has been generally smaller than would be expected from the viscosity results.
E xperimental method
A diagram of the diffusion vessel and analysing apparatus is shown in figure 1.
F igure 1. The diffusion vessel and analysing apparatus.
The hydrogen-deuterium mixture was prepared in a system of burettes not shown in the figure, and was admitted through the stopcock Tx to the diffusion vessel AB, previously evacuated. The upper part, A, of this vessel was situated inside a small electric furnace; the lower, B, consisting of the tube between the stopcocks Tx and T2, was immersed in a wa maintained at 20° C. The volumes of A and B were respectively 18-1 and 2-4 cm.3, including the appropriate parts of the connecting tube. A could be heated to temperatures up to 450° C. Uniformity of temperature over the bulb to within 2° C was attained by winding the heating element on a thick-walled, nickel-plated copper tube, and by the provision of a supple mentary heating coil near the mouth of the furnace. The temperature was measured by a chromel-alumel thermocopule Tli placed close to the bulb.
Some measurements were made at low temperatures also, as earlier work with other gas mixtures (Ibbs and Grew 1931) had shown this temperature range to yield interesting results. For these measurements the diffusion vessel was inverted, the bulb A lying below the tube rounding B suitably modified. A was immersed in a bath of liquid oxygen or cooled pentane, the temperature of which was measured by a copperconstantan couple.
The gas mixture in B was analysed before and after diffusion by a thermal conductivity method. The analyser, originally intended for measurements on vapours, was based on the microgauge described by Bolland and Melville (1937) -A spiral tungsten filament, 2-5 cm. long, taken from an Osram 'Striplite' lamp, was welded to short platinum wires which were then sealed in 2 mm. capillary tubing, as shown at G. A capillary side tube led to the bulb L, of about 14 cm.3 capacity, and the mercury reservoir R. The space above the mercury in R could be connected either with the pump or with an air reservoir, so th a t the mercury could be raised or lowered, and the pressure of a sample of gas, admitted to the evacuated bulb through T3, adjusted to the desired value. The pressure was measured by the mercury manometer M , made from 2 mm. capillary tubing; a little Apiezon oil introduced into the capillary prevented the mercury from sticking. The whole'was immersed in a paraffin therm ostat maintained by a toluene regulator within 0-01 of 21-20° C.
The tungsten filament formed one arm of a Wheatstone bridge; its temperature, and therefore also its resistance, depended on the conductivity of the gas surrounding it and on the current flowing through it. At 21° C its resistance was 23-0 ohms. The second arm of the bridge was adjusted so th at when the bridge was balanced the filament was about 20° C above the thermostat temperature. This was done by varying the therm ostat tem perature and determining the temperature coefficient of resistance of the filament, using bridge currents sufficiently small to produce no appreciable heating of the filament. The second resistance was then made equal to the calculated filament resistance at a temperature of 41° C, th at is, 20° above the normal thermostat temperature. Moreover, by combining suitable lengths of nickel and manganin wires, this second resistance was given a temperature variation the same as th at of the tungsten filament, measured under the operating conditions described later. Thus, any fluctuations in thermostat temperature affected equally both arms of the bridge. I t was necessary th at this resistance, unlike the filament resistance, should be independent of the bridge current; s.w.g. 39 nickel was used in its con struction so th at the heating effect was negligible. I t was wound as a coil C on an open bakelite frame, 6 cm. long and 3 cm. diameter, which surrounded the microgauge. The other two arms of the bridge were both manganin resistances of 10 ohms, supported in the thermostat, and connected to the gauge and second arm by short lengths of stout copper wire. In operation, the potential difference across the bridge was adjusted until the filament resistance reached its equilibrium valu° and the bridge was balanced. A constant fraction, obtained by a potential divider, of the potential dif ference was measured by a Tinsley potentiometer reading to 0-0001 V.
Satisfactory results were obtainable with a gas pressure in the gauge of 50 mm., which required the introduction into the analyser of only 0-15 cm.3 of gas a t 76 cm. pressure. This amount of gas was conveniently withdrawn from the diffusion vessel B by rotating the partially drilled stopcock T2 and spilling the small amount of gas in the barrel into the evacuated analyser through Ts. The gas in L was then compressed to 50 mm., the manometer reading being taken by a travelling microscope. The pressure idjustment was important as at 50 mm. the conductivity varied appreciably with the pressure. W ith hydrogen a change in pressure of 1 mm. caused a change in potentiometer reading of 0-0025 V, when the normal reading was 1-5114 V; an accuracy of 0-1 mm. was therefore aimed at in setting the pressure.
Considerable difficulty in obtaining steady and reproducible readings was at first experienced. The trouble was due to the response of the coil C to the small temperature fluctuations (which necessarily occurred with the inter m ittent operation of the heating coil) being more rapid than th at of the gauge. Several modifications in the design of the thermostat, relay and stirrer were made in an attem pt to reduce these temperature fluctuations, but without success. Eventually a solution was found in placing the gauge and coil
Gi n a celluloid enclosure filled with paraffin. The contents of the enclosure were therefore partly insulated thermally from the paraffin circulating around it ; the temperature fluctuations were consequently in appreciable. Consistent readings were now readily obtained, even over long periods. For example, the following readings were taken approxi mately monthly with hydrogen in the gauge: 1-5112, 1-5110, 1-5114, 1-5114 V. This constancy was rather unexpected, as Trenner (1937) had found, using a somewhat similar apparatus, though with a platinum fila ment, a small continuous change of resistance.
The procedure was as follows. Deuterium was prepared from heavy water, containing 99-65% deuterium oxide, by reaction with sodium. Hydrogen from a cylinder was purified by passage through sodium hydrosulphite to remove oxygen, and subsequently dried. A mixture of hydrogen and deuterium was made in measured proportions, and after allowing some hours for the composition to become uniform, it was ad mitted to the evacuated diffusion vessel, with the bulb A at room tem pera ture. The gas pressure was made roughly 1 atm. The gauge was then evacu ated by a Hyvac pump, the pressure being indicated by the potential difference necessary to balance the bridge in this condition. The stopcock T2 was turned twice and the gas so introduced into the analyser compressed to 50 mm. The current was then adjusted approxim ate^ to balance the bridge and 10 or 15 min. allowed for the temperature of the gauge and surrounding paraffin to become steady. The current was then exactly adjusted, and the potential difference across the bridge measured.
Sufficient gas was next withdrawn from the diffusion vessel into the burette so th at the pressure should be still about 1 atm. when the bulb A was heated to a given temperature. After allowing time for the diffusion to occur and the composition of the gas in B to become uniform, a sample was introduced into the gauge. The change in composition due to thermal diffusion was determined from the change in potential difference balancing the bridge and the slope of the potential difference-concentration curve. The total thermal separation was calculated from the observed change in composition in B in the usual w ay: the multiplying factor determined from the ratio of the volumes of A and B was checked by making separation measurements on a hydrogen-nitrogen mixture and comparing the values with the accepted ones for th at mixture. This procedure was then repeated with the bulb A at a different temperature.
For measurements at low temperatures it was not convenient to work at constant pressure. The bulb containing the gas mixture a t atmospheric pressure when at room temperature was immersed in the cooling bath and the diffusion took place at reduced pressure. Earlier measurements had shown th a t this pressure change was without effect on the separation.
In this way a series of thermal separation measurements was made with five mixtures, each taken over a temperature range extending to 425° C, and with three mixtures at temperatures down to -183° C. The precision of the measurements was not high. The conductivities of hydrogen and deuterium are not widely different-the potentiometer readings for the two gases differed by only 0-17 V-and the thermal separation is small because of the small molecular mass ratio. The separation at any temperature was consequently liable to an error of 5-10% , attributable mainly to disturb ance of the balance point of the bridge by small fluctuations in the therm o stat temperature and to errors in adjusting the pressure within the gauge.
E xperimental results
Five hydrogen-deuterium mixtures ranging from 38 to 70% hydrogen content were examined at temperatures up to 425° C. A curve showing the separation as a function of log T /T '(where T and T ' are t of the hot and cold sides respectively) for one of these mixtures is given in figure 2 . In all cases the relation was a linear one: th a t is, the thermal diffusion coefficient kT in the Chapman expression for the separation n'10 -n10 = k In is constant over the range from 0 to 400° C.
log10 (T/T') F igure 2. Thermal separation in hydrogen-deuterium mixtures as a function of log T/T'. (a) 56-9 % H2.
T' = 293° K ; 273 < 273> T '> 90° K.
In the low-temperature range three mixtures were examined at two or three temperatures only. The measurements are thus of a preliminary nature, a more complete investigation being unavoidably prevented. They suffice, however, to show th at kT is constant also over temperatures down to -183° C. Thus in hydrogen-deuterium mixtures there is no indication of a change in the force index, implied by a change in kT, which has been observed over this range in other gases (Ibbs and Grew 1931) . The curve for one mixture is given in figure 2 .
The values of k T deduced from the slopes of the curves are given in table 1. As in earlier work, the thermal diffusion ratio , which is the ratio of the experimental value of kT to the theoretical, first approximation, value [Jfcy]!, for rigid elastic spheres, has been calculated. RT, as shown later, 00 depends slightly on the concentration, but the variation is small and of the order of the experimental error. A mean value of = 0-61 has therefore been taken and is considered appropriate to a 50% mixture. This mean value agrees within experimental error with the value 0-62 obtained by Heath, Ibbs and Wild reported in the preceding paper. 
Discussion of results
The significance of RT is its marked dependence on the law of molecular interaction, which is assumed to be of the form F = at-". A comparison therefore of the experimental value of R T with theoretical values for dif ferent types of interaction should lead to an estimate of the force field actually operative. Theoretical expressions for R T in the general case, how ever, cannot be evaluated since they involve the three force constants kx, k2, k12 and the three indices vx, v2, v12 applicable collision occurring in a mixture of molecules 1 and 2. In the special case of the Lorentzian gas (a gas mixture in which the mass ratio and the number ratio both tend to infinity) an exact expression for R T in terms of v12 is available, viz. I t has hitherto been assumed th at this same relation holds for the nonLorentzian mixtures studied experimentally, and values of v12 have been deduced from the experimental value of R T using it. A summary of these values, which are mainly due to Ibbs and his collaborators, has been given by Chapman and Cowling (1939) . A comparison with values of vv v2 deduced from viscosity measurements on the simple gases shows th at the value of v12 from diffusion is generally lower than would be expected from the viscosity results. In isotopic mixtures the assumption of the applicability of the Lorentz expression is unnecessary. Here the same force constant k and force index v apply to collisions between both like and unlike molecules, and R t can consequently be evaluated for various values of This has been done for hydrogen-deuterium mixtures.
The value of [A;r ]1 for a series of values of v was calculated from the expression 9-83. i given by Chapman and Cowling (1939) , which is a first approximation to kT. The values which apply to a 50 % mixture are giv table 2. The error of this first approximation is not known exactly, and it is necessary to make an assumption in estimating it. To take the error as being the same as in the Lorentzian case, for which it is known exactly, is not justifiable, as Professor Chapman kindly pointed out privately. This is because the error of the first approximation to quantities which can also be evaluated exactly is much greater in the Lorentzian than in the general case. For example, the error in the coefficients of conductivity, viscosity, and self-diffusion for a simple gas whose molecules are rigid elastic spheres is about 2% ; for a Lorentz gas the errors are 8, 12, 15% respectively (Clark Jones 1940). The same is likely to be true of kT. Failing more definite knowledge, it seems best to assume th at the error of [&r ]i for hydrogen-deuterium bears the same ratio to th a t for the Lorentz case as does the error of the coefficient of self-diffusion for a simple gas to th a t for the Lorentz gas. These errors have been tabulated for various values of v by Chapman and Cowling (1939, pp. 196,* 198) . gas is given for comparison in the last column. The value of R T determined experimentally is 0-61. The corresponding value of v found from the R T ṽ curve is 12-6. This is ma the value v = 8-6 which would be obtained if, as hitherto, the Lorentz value were used. Recent measurements of the viscosity of hydrogen, extending over a temperature range from a few degrees above zero to 1000° K (Trautz and Zink 1930; Itterbeek and Paemel 1940) show th a t from 90° K upwards the molecule conforms closely to a centre of repulsive force with index v -12-5. For deuterium there do not appear to be sufficient measurements for a reliable estimate of the force index to be made, though there is no reason for thinking th a t it differs from th a t for hydrogen. There is thus good agreement between the values of the force index deduced from thermal diffusion and th at from viscosity measurements.
This result suggests th a t the reason for the values of v12 hitherto deduced from thermal diffusion measurements being generally smaller than those to be expected from viscosity values is in the use of the Lorentz expression for Rt ; and that, if R T could be calculated in the general case as in the special case of isotopic and Lorentz mixtures, thermal diffusion and viscosity values would be in full agreement.
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K. E. Grew The calculation of R T also throws light on the dependence of R T on the concentration of a gas mixture, a point on which the experimental evidence is inconclusive. In some mixtures R T appears to be independent of the concentration; in others it varies, though only by amounts comparable with experimental error. Such a case is th at of hydrogen-deuterium mixtures, for which Heath, Ibbs and Wild have made measurements over a wide range of concentration, described in the preceding paper. The theo retical values of R T for this mixture have been calculated for different concentrations, assuming a force index 13, sufficiently close, for this purpose to the experimentally determined value of 12-6. They are shown in figure 3 . It appears th a t RT does vary slightly with the concentration, a maximum value occurring a t about 70% deuterium. The experimental points obtained by Heath, Ibbs and Wild are also m arked; they are rather scattered but their trend is undoubtedly th at of the theoretical curve. Thus the slight dependence of R T on concentration observed in other cases as in this, is probably both real and in accordance with theory.
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